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1 6.  Abstract 


Emission  testing  was  conducted  in  May  1996  on  a  commercial  tug  as  part  of  a 
general  Coast  Guard  R&D  study  to  evaluate  protocols  for  shipboard  emissions 
testing.  The  objectives  of  this  test  were  to  determine  emissions  data  for  a 
commercial  tug,  evaluate  fuel  savings  techniques,  and  evaluate  portable  testing 
protocols  for  emissions  testing.  Portable  emission  analyzers  were  used  that 
employ  electrochemical  sensors.  The  NOx  values  determined  were  below  both  the 
International  Maritime  Organization's  (IMO)  and  Environmental  Protection 
Agency's  (EPA's)  maximum  aliowable  levels  for  a  1225  RPM  rated  engine.  A 
commercial  engine  speed  piiot  was  installed  with  a  fuel  management  system  to 
record  fuel  consumption,  engine  horsepower,  and  provide  a  capability  of 
baiancing  the  engines  for  optimum  running  efficiency.  An  indication  of  fuel 
savings  was  apparent  when  the  engine  speed  pilot  was  engaged. 
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EXECUTIVE  SUMMARY 


Emission  testing  was  conducted  in  May  1996  on  a  commercial  tug  as  part  of  a  general 
Coast  Guard  R&D  study  to  evaluate  protocols  for  shipboard  emissions  testing.  The 
objectives  of  this  test  were  to  determine  emissions  data  for  a  commercial  tug,  evaluate  fuel 
savings  techniques,  evaluate  portable  testing  protocols  for  emissions  testing,  and  also 
evaluate  alternatives  to  measuring  horsepower  and  fuel  rate  that  would  be  more  efficient 
and  simpler  than  traditional  approaches. 

Testing  was  conducted  on  the  Maritrans,  Inc.  Tug  COUGAR  which  is  a  typical  tug  boat 
that  is  married  to  a  notched  fuel  barge.  In  order  to  relate  measured  emissions  data  to  ship 
physical  and  operating  characteristics,  several  variables  were  measured  which  included 
shaft  and  engine  horsepower,  fuel  consumption,  turbocharger  intake  air  flow,  exhaust 
stream  emissions,  and  diesel  fuel  constituents.  Using  a  calculation  procedure  developed  by 
the  Coast  Guard  R&D  Center,  the  average  weighted  NOx  values  for  a  number  of  tug 
operating  configurations  were  determined  to  be, 

Free  Tug  ->•4.5  g/kWh  (port  engine) 

Tug  w/  light  barge  ^5.1  g/kWh  (port  engine) 

Tug  w/  full  barge  ->  4.9  g/kWh  (port  &  stbd  engine  average) 

These  NOx  values  are  below  the  IMO  maximum  allowable  level  of  10.85  g/kWh  for  a 
1225  rpm  rated  engine.  They  are  also  well  below  the  EPA  average  criteria  of  9.2  g/kWh. 

A  commercial  engine  speed  pilot  (analogous  to  an  automobile  cruise  control)  was  installed 
with  a  fuel  management  system  to  record  fuel  consumption,  engine  horsepower,  and 
provide  a  capability  of  balancing  the  engines  for  optimum  running  efficiency.  A  strong 
indication  of  fuel  savings  was  apparent  with  the  engine  speed  pilot  engaged. 

Two  different  portable  emission  analyzers  were  evaluated  which  employ  electrochemical 
sensors.  The  ENERAC  Model  3000E  appears  to  give  reliable  NOx  readings,  based  on  its 
design  to  eliminate  cross  contamination,  provide  multiple  sensor  ranges,  and  absorption 
losses. 

The  tug  boat  test  represents  one  of  a  series  of  several  shipboard  emission  tests  that  are 
being  conducted  to  gain  experience  and  to  collect  data  in  developing  a  practical  shipboard 
emission  test  protocol  for  recommendation  to  the  International  Maritime  Organization. 
The  last  of  the  series  of  tests  as  part  of  the  R&D  project  will  be  done  on  a  Coast  Guard 
Cutter  construction  tender  (WLIC).  The  data  and  lessons  learned  from  all  of  the  tests  will 
be  used  in  constructing  the  shipboard  emission  protocol. 
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I  Background 

II  Puq^ose  of  Test 

This  emission  ship  test  supports  the  research  on  the  development  of  portable  emissions 
testing  protocols  for  consideration  by  the  International  Maritime  Organization  (IMO). 
This  effort  has  been  conducted  within  the  present  Exhaust  Emissions  Project,  3310,  at  the 
Coast  Guard  Research  &  Development  Center  (CG  R&D  Center),  sponsored  jointly  by 
the  Naval  Engineering  Projects  Division  at  USCG  Headquarters,  and  by  the  U.S.  Maritime 
Administration. 

1.2  Review  of  Regulatory  Actions 

The  U.S.  Coast  Guard’s  interest  in  emissions  testing  arises  from  its  desire  to  meet  all 
federal  and  state  quality  regulations  and  the  fact  that  it  may  be  called  upon  in  the  future  to 
enforce  regulations  in  the  marine  environment.  In  the  U.S.,  the  Clean  Air  Act 
Amendments  of  1990,  Section(a)(3),  have  charged  the  U.S.  Environmental  Protection 
Agency  (EPA)  with  defining  and  controlling  the  emission  inputs  from  non-road  sources, 
including  marine  sources.  On  the  international  level,  the  IMO  has  developed  proposed 
guidelines  for  controlling  air  pollution  from  ships.  Additional  discussion  on  regulatory 
actions,  including  proposed  emission  levels,  can  be  found  in  Reference  [1]. 

1.3  Prior  Coast  Guard  Work  on  Portable  Emission  Measurements 

Because  of  concern  that  laboratory  bench  testing  does  not  duplicate  the  actual  in-service 
load  cycles  on  marine  engines,  and  that  performance  of  in-service  engines  degrades  in  time 
and  their  emissions  increase,  it  is  desired  to  measure  emissions  at-sea.  There  may  be 
several  modes  of  operation  for  vessels  (duty  cycles)  with  defined  speed,  torque,  and  time. 
ISO  8178  lists  several  duty  cycles  in  Reference  [2].  EPA  recommends  cycle  E2  at  four 
different  torque  values  (as  a  percentage  of  full  torque),  giving  emissions  as  a  weighted 
average  of  the  four  values. 

The  CG  R&D  Center  conducted  a  series  of  tests  involving  three  Point  Class  82-FT  patrol 
boats  using  ISO  8178  procedures  in  Reference  [3].  Six  Coast  Guard  cutters  and  patrol 
boats  were  also  tested  for  emissions  by  Environmental  Transportation  Consultants  (ETC) 
in  Reference  [4],  The  purpose  of  these  tests  was  to  survey  vessel  emissions  to  provide  the 
Coast  Guard  with  a  database  for  air  quality  compliance  planning  and  to  update  the 
emission  inventory  for  selected  USCG  vessel  classes  operating  under  the  jurisdiction  of 
California  Air  Resources  Board  (CARB).  The  CG  R&D  Center  and  Maritime 
Administration  recently  conducted  testing  (Reference  [1])  on  the  M/V  KINGS  POINTER 
to  quantify  the  level  of  pollutants  and  to  further  explore  portable  emissions  testing 
technology  for  shipboard  applications. 
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2  Introduction 


2.1  Objectives 

The  objectives  of  this  test  were  to; 

•  determine  emissions  data  for  a  commercial  tug 

•  evaluate  portable  testing  protocols  for  emissions  testing  including  the  evaluation  of 
alternatives  to  measuring  horsepower  and  fuel  rate  that  would  be  more  efiBcient  and 
less  cumbersome  to  instrument 

•  evaluate  fuel  savings  techniques 

2.2  Tug  COUGAR  Description 

The  commercial  tug  was  selected  for  testing  in  a  meeting  between  Dr.  Bentz  of  the  CG 
R&D  Center  and  Mr.  Dittrich  of  Maritrans,  Inc.  during  Propulsion  ‘95  in  New  Orleans. 
Maritrans,  Inc.,  being  very  interested  in  emissions  research,  offered  the  use  of  one  of  its 
tugs  for  emissions  testing.  The  Maritrans,  Inc.  Tug  COUGAR  is  a  typical  tug  boat  that  is 
married  to  a  notched  fuel  barge.  The  tug  and  barge  usually  make  transits  between 
Carteret,  NJ  and  Bridgeport,  CT,  delivering  fuel  to  the  tank  farm  at  Bridgeport.  The  crew 
estimated  making  as  many  as  three  deliveries  every  week  of  the  year.  The  Tug 
COUGAR’S  last  dry-docking  was  April  1996,  which  was  just  before  the  emissions  testing 
in  May.  The  principal  characteristics  are  presented  in  Table  1. 

Table  1  Characteristics  of  Tug  COUGAR 


Tug  COUGAR: 
Length  Overall 

105’ 

Beam 

32’9” 

Draft 

15’3” 

Vert.  Clearance 

70’ 

Gross  Tons 

171 

Net  Tons 

116 

Main  Engines  (2) 

Caterpillar 

Red  Gear 

D399s 

Reint 

Red  Gear  Ratio 

JesAVAVHO 

0 

5:1 

propellers  (2) 

4  bladed 

Ocean  60  Barge: 
Length  Overall 

310’ 

Beam 

62’ 

Draft  Light 

3 ’6” 

Gross  Tons 

3824 
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Coast  Guard  R&D  Center  staff  from  the  Marine  Systems  &  Environmental  Technology 
Division  and  a  Stellar  Marine  representative  from  Smartboat,  Inc.  were  on-board  the  Tug 
COUGAR  from  9  May  through  16  May,  1996.  The  first  two  days,  9  and  10  May,  were 
used  for  installing  the  test  gear.  Twelve  hours  were  needed  by  both  Coast  Guard 
personnel  and  the  Steller  Marine  representative  to  install  the  horsepower  meters,  the  fuel 
management  system  (EMS-1000),  and  engine  speed  pilot  (ESP-IOOO).  Test  data  were 
collected  whenever  possible  from  1 1  May  through  15  May.  On  16  May  gear  was  removed 
and  the  test  team  departed. 

2.3  Overview  of  Test  Data  and  Equipment 

Data  Collected 


In  order  to  relate  measured  emissions  data  to  ship  physical  and  operating  characteristics, 
several  physical  variables  had  to  be  measured.  A  complete  discussion  of  the  variables  that 
affect  engine  exhaust  emissions  may  be  found  in  Reference  [3].  Data  listed  in  Table  2  were 
collected. 


Table  2 

Ship  Test  Data  Collected 

Barometric  Pressure  (inches  of  Hg) 

Relative  humidity  near  engine  intake  (%) 

Temperature  associated  with  relative  humidity  (°F) 

Intake  Air  Temperature  (°F) 

Shaft  rpm  (port  &  stbd) 

Engine  rpm  (port  &  stbd) 

Shaft  Horsepower 
Fuel  Flow  (GPH) 

Intake  Air  Flow  (CFM) 

Stack  Temperature  (°F) 

Oxygen  volume  (dry)  in  exhaust  (%) 

CO  volume  (dry)  in  exhaust  (%) 

Excess  Air  Volume  (dry)  in  exhaust  (%) 

NO  volume  (dry)  in  exhaust  (ppm) 

NO2  volume  (dry)  in  exhaust  (ppm) 

NOx  volume  (dry)  in  exhaust  (ppm) 

A  discussion  of  how  each  variable  was  collected  follows: 

Barometric  Pressure.  Relative  Humidity,  Air  Temperature 

Barometric  Pressure  was  recorded  in  the  Maritrans  Tug  COUGAR’S  engine  room  on  a 

Control  Data  digital  recorder.  Barometric  pressure  was  also  recorded  by  each  of  the 
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Shortridge  Flowhoods[5]  installed  on  the  inboard  port  and  starboard  turbocharger  air 
intakes.  The  Control  Data  digital  recorder  was  checked  against  the  University  of 
Connecticut’s  Marine  Science  Institute  equipment.  Relative  humidity,  air  temperature,  and 
barometric  pressure  readings  agreed  within  4%.  Relative  humidity  readings  were  checked 
against  a  Dickson  Company  Model  THDx  humidity  sensor  while  in  the  engine  room.  Air 
temperature  readings  were  taken  from  the  Shortridge  Flowhoods  installed  on  each  inboard 
turbocharger  and  were  confirmed  against  temperature  readings  available  on  the  Control 
Data  digital  recorder  and  THDx  chart  recorder.  All  of  these  data  were  recorded  manually. 

Shaft  rom/Engine  rpm 

Shaft  rpm  and  shaft  horsepower  were  measured  with  Coast  Guard  owned  Wireless  Data 
Corp.  horsepower  (HP)  meters  [6].  Engine  rpm,  by  sensing  the  rotations  of  the  flywheel 
gear,  was  recorded  by  the  Stellar  Marine  fuel  management  system  (EMS-1000)  system. 
These  data  were  recorded  manually  and  also  recorded  continuously  by  the  Stellar  Marine 
EMS-1000  data  logging  software  when  functioning.  The  5:1  reduction  gear  ratio  was 
confirmed  by  the  engine  rpm  readings  recorded  by  the  EMS-1000  and  the  shaft  rpm 
measurements  made  with  the  Coast  Guard  instrumentation. 

Shaft  Horsennwer/Toraue  -  Shaft  torque  was  measured  on  the  port  and  starboard  shafts 
with  strain  gauges  during  each  test  run.  Shaft  torque  measurements  were  used  in 
determining  shaft  HP.  Each  propulsion  shaft  was  outfitted  with  a  Wireless  Data 
Corporation  Model  1642 A  horsepower  measuring  system  [6]  which  consisted  of  a  strain 
gauge  bonded  to  the  outside  of  the  shaft  and  a  magnetic  pickup  which  recorded  the  rpm. 
An  FM  transmitter  collar  system  transmitted  the  strain  information  to  the  horsepower 
meter.  The  measured  strain  was  converted  to  torque.  Accuracy  of  the  instruments  were 
within  2%  of  full  scale  which  was  1500  HP.  Thus  accuracy  was  +/-  30  HP. 

Air  Pressure  Temperature  and  Humidity  -  These  parameters  were  measured  in  the 
vicinity  of  the  air  intake.  Flowhoods  were  attached  to  the  turbocharger  and  provided  air 
pressure  and  temperature  as  well  as  flow  rate  in  cubic  feet  per  minute  (CFM). 

Fuel  Consumption  -  Fuel  consumption  was  calculated  and  recorded  by  the  EMS-1000  in 
gal/hr. 

Exhaust  Gases  -  Emission  analyzers  that  employ  electrochemical  sensors  recorded  the 
composition  of  exhaust  gases  in  ppm  or  percent  concentrations.  A  probe  was  inserted 
through  a  fitting  on  the  exhaust  stack  located  less  than  two  feet  above  the  engine.  Exhaust 
gas  concentrations  of  CO,  NO,  NO2,  SO2,  O2  were  recorded  manually  by  Coast  Guard 
personnel  and  data  streamed,  in  some  instances,  to  the  EMS-1000  for  continuous  data¬ 
logging.  Two  different  analyzers  were  used  including  the  ENERAC  Model  3000E  and 
ECOM-KD.  The  sensor’s  accuracy  for  NO,  NO2,  and  CO  ppm  readings  on  the  ECOM- 
KD[7]  and  ENERAC  3000E[8]  are  advertised  as  5%  and  2%,  respectively. 
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2.4  Portable  Test  Instrumentation  Discussion 


Figure  1  provides  an  overview  of  the  instrumentation  used  on  the  Tug  COUGAR.  It  was 
intended  to  use  two  ECOM-KDs.  The  EMS-1000  fuel  management  system  was 
configured  to  record  data  from  the  ECOM-KD’s  RS232  ports.  However,  one  of  the 
ECOM-KD  analyzers  malfunctioned  and  was  inoperable  during  the  test  period.  During  the 
test  the  ECOM-KD  presented  an  alarm  indicating  that  the  NO  sensor  battery  was  low. 
Therefore,  data  were  streamed  to  the  EMS-1000  data  logging  software  from  one  emission 
analyzer  only.  The  other  emission  analyzer  employed  was  the  ENERAC  Model  3000E. 
The  ENERAC  Model  3000E  was  recently  acquired  by  the  Coast  Guard  R&D  Center 
through  an  upgrade  of  an  ENERAC  2000E  but  was  not  supplied  with  an  SO2  sensor.  Both 
analyzers  were  calibrated  in  accordance  with  [7]  and  [8]  before  the  test  and  span  gas 
readings  were  checked  before  and  after  the  shipboard  test  with  the  follovdng  results: 


Table  3  Instrument  Readings  after  Test 
(originally  calibrated  to  nominal  span  gas  values) 


reading  from 

ECOM-KD 

reading  from 

ENERAC 

tank  (ppm) 

calibration 

tank  (ppm) 

calibration 

CO 

815 

751 

625 

751 

NO 

1120 

1034 

923 

1010 

NO2 

101 

104 

450 

500 

SO2 

470 

512 

- 

- 

In  general,  there  appears  to  more  disparity  from  the  tank  readings  in  the  ENERAC  3000E 
post-test  span  gas  readings  than  in  the  ECOM-KD.  The  final  readings  on  the  emission 
analyzers  were  made  at  the  R&D  Center  about  four  days  after  the  test  was  complete. 
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Figure  1  Overview  of  Tug  COUGAR  Instrumentation 


Fuel  measurement  on  diesel  engines  require  that  both  the  supply  and  return  fuel  lines  be 
monitored  to  measure  the  net  fuel  flow  that  goes  to  the  engine.  In-service  horsepower 
measurements  using  conventional  methods  of  strain  gauges  on  shafts  require  time 
consuming  and  laborious  installation  procedures. 


The  approach  of  measuring  shaft  horsepower  using  strain  gauge  installations  has  been  the 
approach  the  R&D  Center  has  employed  for  the  last  two  decades  when  instrumenting 
various  Coast  Guard  vessels  for  test  &  evaluation  (T&E).  This  has  proven  to  be  a  reliable 
and  consistent  approach  over  the  years.  It  is,  however,  a  time  consuming  and  demanding 
procedure  that  requires  a  skilled  technician.  Meticulous  care  is  taken  to  prepare  the  shaft 
for  strain  gauges  as  well  as  the  system  setup.  This  process  can  take  from  12  to  24  hours 
depending  on  accessibility  of  the  shafts. 


An  alternative  means  of  determining  in-situ  horsepower  of  main  diesel  engines  was 
developed  by  Stellar  Marine  Inc.  Their  method  determines  horsepower  as  well  as  fuel 
consumption  based  on  the  fuel  rack  positions.  Both  systems  were  used  in  testing  the 
Maritrans  Tug  for  comparative  purposes.  The  premise  behind  the  EMS-1000  in  Reference 
[9]  is  that  diesel  engines  are  equipped  with  precise  fuel  metering  systems.  The  fuel 
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injectors  deliver  a  precise  amount  of  fuel  into  each  cylinder  at  specific  intervals.  The 
quantity  and  rate  of  fuel  is  determined  by  the  settings  on  the  engine  rpm  and  fuel  racks. 
The  EMS-1000  measures  fuel  consumption  using  the  engines  own  fuel  metering  system. 
The  EMS-1000  Main  Control  Unit  uses  a  patented  algorithm  to  determine  fuel  rate  and 
horsepower  based  on  the  fuel  rack  position,  rpm,  and  engine  manufacturer’s  test  data. 
Engine  rpm  is  determined  with  a  magnetic  piclmp  that  senses  and  counts  the  number  of 
flywheel  teeth  that  pass  by  its  position. 

The  Stellar  Marine  fuel  management  system  (EMS-1000)  was  used  to  measure  fuel 
consumption,  speed,  and  HP.  Fuel  consumption  was  determined  with  a  potentiometer  that 
recorded  the  fuel  rack  position  calibrated  to  fuel  used.  The  Stellar  Marine  engine  speed 
pilot  (ESP- 1000)  was  also  installed  and  required  tapping  into  the  throttle  pneumatic 
system.  The  ESP- 1000  was  purported  to  control  the  throttle  in  such  a  way  as  to  balance 
the  engine  outputs  and  give  more  efficient  operation  -with  a  resulting  fuel  savings  of  as 
much  as  10-15%  in  some  instances.  Both  the  EMS-1000  and  ESP-1000  software  were 
installed  on  the  Gateway  2000  laptop.  The  laptop  was  used  to  engage  and  disengage  the 
engine  speed  pilot.  Obviously,  fuel  savings  are  of  great  interest  to  both  industry  and  the 
Coast  Guard.  The  evaluation  of  the  ESP-1000  was  considered  a  secondary  test  which  was 
to  be  accomplished  on  a  not-to-interfere  basis  with  the  primary  emission  data  collection. 

Fittings  were  installed  in  the  port  and  starboard  exhaust  stacks  about  a  foot  above  the 
engine  to  accommodate  ball  valves.  The  ball  valves  were  opened  after  steady-state  stack 
temperatures  were  attained  at  which  point  the  emission  analyzer  probes  were  inserted.  The 
Shortridge  Flowhoods  were  attached  to  the  inboard  port  and  starboard  turbochargers  with 
a  hose  clamp  and  suspended  from  overhead  deck  grates. 


The  test  rpms  to  represent  the  four  different  operating  points  per  ISO  8178  in  Reference 
[2]  were  determined  on  1 1  May.  A  maximum  speed  run  was  conducted  with  the  tug  by 
itself  to  determine  a  top  port  and  starboard  average  rpm.  This  was  determined  to  be  1178 
rpm.  Based  on  this  value  the  test  rpms  were  determined  as: 


100%^  1178  rpm 
91%  ->  1072  rpm 
80%  ->942  rpm 
63%  — >  742  rpm 


corresponding  to 
corresponding  to 
corresponding  to 
corresponding  to 


100%  power 
75%  power 
50%  power 
25%  power 


3.0  Test  Results 


3.1  Tug  Pushing  Full  Load  Barge 

Testing  was  conducted  with  the  Tug  COUGAR  pushing  a  fiill  barge  on  15  May  while 
making  a  fuel  delivery  from  Carteret,  NJ  to  Bridgeport,  CT.  Table  4  presents  the  order  of 
test  runs  conducted.  The  %  corresponds  to  the  percent  of  maximum  rpm  setting 
determined.  The  letter  preceding  the  %  rpm  setting  is  a  unique  designator  for  a  particular 
test  configuration  used  for  tracking  in  the  data  spreadsheets.  In  the  case  of  the  tug  pushing 
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a  foil  barge,  a  randomized  test  sequence  was  not  attempted  because  of  operational 
restrictions,  k  randomized  test  sequence  of  %  rpm  operating  points  in  accordance  with 
Reference  [3]  was  conducted  for  the  other  tug  configurations. 


Table  4  Testing  Run  Sequence  for  Tug  with  Full  Barge 


(1) 

(2) 

(3) 

_i4) _ 

FI  00% 

H100% 

G80% 

F91% 

E80% 

H91% 

G91% 

F80% 

E91% 

H80% 

G100% 

F63% 

E100% 

H63% 

IDLE 

(1),  (2)  speed  pilot  off;  ENERAC  -  stbd  engine;  ECOM  -  port  engine 
(3),  (4)  speed  pilot  on;  ENERAC  -  port  engine;  ECOM  -  stbd  engine 


At  convenient  points  in  the  test,  the  two  emission  analyzers  were  swapped  between 
engines  so  that  differences  in  analyzer  readings  could  be  evaluated. 


Computations  used  to  determine  engine  pollutant  levels  are  based  on  a  stoichiometric 
material  balance  of  incoming  fuel  and  air  with  exhaust.  The  basic  assumption  is  that  there 
is  more  than  sufficient  oxygen  available  in  the  air  entering  the  diesel  engine  to  affect 
complete  combustion  of  the  fuel  components.  For  the  material  balance,  the  quantity  of  air 
per  unit  time  (including  water  vapor),  and  the  quantity  of  fuel  per  unit  time  account  for  all 
incoming  materials.  The  material  balance  calculations  to  determine  pollutant  levels  and 
manually  recorded  data  for  this  test  are  presented  in  Appendix  B.  The  calculations  for  the 
pollutant  levels  for  the  tug  at  idle  are  also  presented  in  Appendix  B. 

3  2  Tug  Pulling  Light  Barge 

The  Tug  COUGAR  was  tested  with  the  Ocean  60  barge  under  tow  on  13  May  enroute 
from  Bridgeport,  CT  to  Carteret,  NJ.  Table  5  presents  the  order  of  test  runs  conducted. 
The  Shortridge  Flowhood  on  the  starboard  engine  gave  erratic  readings,  sometimes  as 
much  as  one-half  the  readings  on  the  port  flow  meter.  It  was  later  determined  that  this 
Flowhood’s  charging  system  had  malfunctioned.  Therefore,  the  readings  on  the  starboard 
engine  were  not  used  in  the  material  balance  to  determine  the  weighted  pollutant  levels. 


Table  5  Testing  Run  Sequence  for  Tug  with  Light  Barge 


(1) 

(2) 

(3) 

_ 

(5)  ■_ 

_J6} _ 

B100% 

D80% 

A63% 

C63% 

B100% 

A63% 

B91% 

D91% 

A80% 

Cl  00% 

B91% 

A80% 

B80% 

D100% 

A91% 

C91% 

B80% 

A91% 

B63% 

D63% 

A100% 

C80% 

B63% 

A100% 

(1),  (2)  speed  pilot  on;  ECOM  -  stbd  engine;  ENERAC  -  port  engine 
(3),  (4)  speed  pilot  off;  ECOM  -  stbd  engine;  ENERAC  -  port  engine 
(5),  (6)  speed  pilot  off;  ECOM  -  port  engine;  ENERAC  -  stbd  engine 
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The  material  balance  calculations  to  determine  pollutant  levels  and  manually  recorded  data 
for  this  test  are  presented  in  Appendix  C. 

3.3  Free  Tug 

The  Tug  COUGAR  was  tested  in  the  free  condition,  i.e.,  without  towing  or  pushing  the 
barge,  on  14  -  15  May.  Testing  was  done  in  the  East  River  around  Manhattan  in  the 
middle  of  the  night  to  minimize  encounters  with  vessel  traffic.  An  attempt  was  made  to 
randomize  the  test  operating  points.  However,  the  order  of  testing  was  often  switched 
because  of  traffic  encountered  in  the  East  River.  Table  6  presents  the  order  of  test  runs 
conducted. 


Table  6  Testing  Run  Sequence  for  Free  Tug 


(1) 

(2) 

_e) _ 

A63% 

B80% 

C63% 

A80% 

A100% 

C100% 

A91% 

B91% 

C9I% 

B63% 

B100% 

C80% 

(1),  (2),(3)  speed  pilot  off;  ENERAC  -  stbd  engine;  ECOM  -  port  engine 


The  Shortridge  Flowhood  on  the  starboard  engine  gave  erratic  readings,  sometimes  as 
much  as  one-half  the  readings  on  the  port  flow  meter.  Both  Flowhood  meters  were  sent 
back  to  Shortridge  Instruments,  Inc.  for  calibration  after  the  test.  The  readings  were  found 
within  specifications  (^■/-  3%  +/-  5  CFM)  on  both  meters.  The  erratic  readings  during  the 
test  are  attributed  to  the  low  battery  indicator  light  coming  on  periodically  even  though 
the  unit  was  thought  to  be  charged.  Rechargeable  batteries  were  replaced  on  both  units 
after  the  test.  Therefore,  the  readings  on  the  starboard  engine  were  not  used  in  the 
material  balance  to  determine  weighted  pollutant  levels. 


The  material  balance  calculations  to  determine  pollutant  levels  and  manually  recorded  data 
for  this  test  are  presented  in  Appendix  D. 


4  Summary 

4.1  Fuel  Flow  Measurements 

It  is  apparent  from  Table  7  (see  highlighted  readings)  that  there  were  fuel  savings 
associated  with  having  the  ESP- 1000  engine  speed  pilot  engaged  -  particularly  at  the  two 
highest  speed  levels.  The  values  for  these  short  term  tests  were  on  the  order  of  5-6%.  It 
should  be  noted  that  these  measurements  were  based  on  manual  readings  taken  over  only 
a  few  hours  for  each  tug  and  barge  configuration  tested.  Approximately,  a  half  hour  \yas 
spent  at  each  test  rpm  before  moving  to  the  next  one.  The  Stellar  Marine  representative 
indicated  that  longer  voyages  are  generally  needed  with  the  speed  pilot  engaged  to  realize 
a  fuel  savings  (with  repeatable  results). 
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Table?  Summary  of  Fuel  Flow  Data 


Free  Tug 

Full  Barge 

Full  Barge 

Light  Barge 

Light  Barge 

(pilot  off) 

(pilot  off) 

(pilot  on) 

(pilot  off) 

(pilot  on) 

Engine 

rpm 

Fuel  (gal/hr) 

Fuel  (gal/hr) 

Fuel  (gal/hr) 

Fuel  (gal/hr) 

Fuel  (gal/hr) 

stbd 

742 

10.9 

12.6 

12.6 

11.9 

11.9 

stbd 

942 

17.5 

21.5 

21.5 

19.9 

19.9 

stbd 

1072 

24.4 

31.4 

29.5 

27.9 

27.0 

stbd 

1178 

34.0 

44.9 

41.9 

38.9 

36.5 

port 

742 

10.7 

12.3 

12.3 

11.6 

11.5 

port 

942 

17.1 

21.5 

19.2 

19.2 

port 

1072 

23.4 

31.1 

:27.4 

26.9 

port 

1178 

32.8 

44.9 

44.3 

;39.0 

36.7 

4.2  Pollutant  Measurements 

Table  8  presents  a  summary  table  of  average  emission  pollutant  levels  recorded  by  the 
emission  analyzers  for  the  different  tug  running  configurations.  It  is  apparent  in  Table  8 
that  there  is  significantly  more  NO  emissions  than  NO2-  Generally,  in  a  diesel  engine 
exhaust,  the  NO  represents  about  90%  of  the  gas  mixture,  the  NO2  about  10%,  and  N2O  is 
negligible.  Measurements  were  also  made  when  the  tug  was  at  idle.  These  data  are 
presented  in  Table  9. 

Table  8  Summary  of  Pollutant  Levels  Recorded  by  Emission  Analyzers 

Free  Tug  Light  Barge  Full  Barge 

(ENERAC-stbd/ECOM-port)  (ENERAC-port/ECOM-stbd)  (ENERAC-port/ECOM-stbd) 
Engine  rpm  COppm  NOppm  N02ppm  COppm  NOppm  NOzppm  COppm  NOppm  N02ppm 
stbd  742  73  513  98  76  627  31  78  808  26 

stbd  942  60  666  105  89  745  22  81  883  19 

Stbd  1072  77  692  83  95  697  16  79  829  17 

stbd  1178  111  647  71  106  688  17  92  807  15 

port  742  82  534  24  63  678  124  67  754  133 

port  942  61  719  26  63  803  111  69  815  96 

port  1072  66  721  21  76  765  89  71  810  83 

port  1178  113  663  22  87  751  79  87  770  75 

Note  that  the  engine  speed  pilot  was  disengaged  for  these  data 
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Table  9  Pollutant  Levels  Recorded  by  Emission  Analyzers  for  Tug  at  Idle 

(ENERAC-port/ECOM-stbd) 

Engine  speed  COppm  NOppm  NOippm 

stbd  0*  792  31  46 

port  0*  755  15  53 

*Srpni  is  0  but  Erpm  was  545(port)  and  525(stbd) 


Using  the  calculation  procedure  developed  by  Dr.  Bentz  in  Appendix  A,  NOx  and  CO 
emission  levels  in  grams  per  kilowatt-hour  were  calculated  for  the  different  running 
conditions  tested  on  the  tug.  The  calculations  are  based  on  a  stoichiometric  material 
balance  of  incoming  fuel  and  air  with  exhaust.  Figure  2  and  3  present  these  results. 


63%  80%  91%  100% 

%  Full  Shaft  RPM 


Figure  2  Tug  COUGAR  CO  Emissions 
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^Full  Barge  (stbd) 
■  Full  Barge  (port) 
-  Ught  Barge  (port) 
«3  Free  Tug  (port) 


63%  80%  91%  100% 


%  Full  Shaft  RPM 


Figure  3  Tug  COUGAR  NOx  Emissions 

5  Conclusions 

5.1  ISO  8178  Emission  Factor 

The  International  Maritime  Organization  (IMO)  has  developed  proposed  guidelines  for 
controlling  air  pollution  from  ships.  In  these  guidelines,  the  maximum  NOx  emissions  at 
different  rated  engine  speeds  are  recommended.  The  testing  procedures  used  to  develop 
engine  NOx  values  are  contained  in  the  International  Organization  for  Standardization 
(ISO)  8178,  Parts  1,  4,  and  5.  Usually,  these  tests  are  done  in  the  engine  manufacturer’s 
laboratory  on  test  beds.  The  EPA  issued  a  supplemental  notice  of  proposed  rule  making 
which  refines  its  November  1994  proposed  rule.  The  EPA  proposed  an  average  NOx 
emission  standard  of  9.2  g/kWh,  while  the  IMO  NOx  emission  standard  varies  from 
9.8g/kWh  to  17.0g/kWh  depending  on  engine  speed.  EPA’s  proposed  NOx  emission 
standard  is  an  average  in  which  the  engine  can  be  either  below  or  above,  so  long  as  the 
emissions  above  the  standard  are  compensated  with  the  emissions  below  the  standard. 
Whereas,  the  IMO  NOx  emission  standard  is  a  cap  type  standard  that  all  engines  must  be 
less  than. 

ISO  8178  provides  that  each  vessels  emission  be  evaluated  by  a  single  statistic  which  takes 
into  account  a  generic  operating  profile.  Table  10  presents  the  weighted  results  for  the 
free  tug,  tug  pushing  a  full  barge,  and  tug  towing  a  light  barge.  The  average  weighted 
NOx  values  for  each  configuration  are: 
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Free  Tug  — >  4.5  g/kWh  (port  engine) 

Tug  w/  light  barge  — >  5.1  g/kWh  (port  engine) 

Tug  w/  full  barge  ->  4.9  g/kWh  (port  &  stbd  engine  average) 

These  NOx  values  are  beloAV  the  IMO  maximum  allowable  level  of  10.85  g/kWh  for  a 
1225  RPM  rated  engine.  They  are  also  well  below  the  EPA  average  criteria  of  9.2  g/kWh. 
This  is  illustrated  in  Figure  4. 

Table  10  ISO  8178  NOx  Factor 
(based  on  %  full  RPM  when  pulling  a  light  barge 
and  w/o  the  ESP-1000  Speed  Pilot  engaged) 


Free  Tug  Light  Barge  Full  Barge 


Engine  RPM(b)  NOx 

Weight  Weight 

NOx 

Weight  Weight  NOx 

Weight  Weight 

(g/kWh) 

Factor  NOx 

(g/kWh) 

Factor  NOx 

(g/kWh) 

Factor 

NOx 

stbd 

63%  (a) 

0.15  (a) 

(a) 

0.15  (a) 

5.74 

0.15 

0.86 

stbd 

80%  (a) 

0.15  (a) 

(a) 

0.15(a) 

4.52 

0.15 

0.68 

stbd 

91%  (a) 

0.50  (a) 

(a) 

0.50  (a) 

4.76 

0.50 

2.38 

stbd 

100%  (a) 

0.20  (a) 

(a) 

0.20  (a) 

3.49 

0.20 

0.70 

totals= 

(a) 

4.62 

port 

63% 

5.90 

0.15 

0.89 

6.71 

0.15  1.01 

7.21 

0.15 

1.08 

port 

80% 

4.73 

0.15 

0.71 

5.04 

0.15  0.76 

5.05 

0.15 

0.76 

port 

91% 

4.34 

0.50 

2.17 

4.98 

0.50  2.49 

5.01 

0.50 

2.51 

port 

100% 

3.68 

0.20 

0.74 

4.41 

0.20  0.88 

4.43 

0.20 

0.89 

totals= 

4.50 

5.13 

5.23 

(a)  questionable  measurements  due  to  erratic  turbocharger  air  flow 
readings 

Max.  Allowable  NOx  Emissions  for  Marine  Diesel  Engines 


NOx  [g/kWh]  02  lEz  Mz  cyde  on  Marine  Diesel  Oil* 
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■S  2  NOx  Interpretation 

Presently,  the  IMO  criteria  requires  that  all  NOx  be  reported  as  NO2.  The  definition  of 
NOx  is  that  it  is  the  sum  of  the  nitrogen  oxides  which  includes  NO,  NO2,  and  NzO.  The 
molecular  weight  of  NO  is  30  whereas  the  molecular  weight  of  NO2  is  46.  Reporting  NO 
as  NO2  can  have  the  effect  of  raising  the  determined  value  depending  on  the  percent  of 
NO  present.  For  example,  assuming  that  the  exhaust  mixture  is  about  90%  NO,  the 
weighted  molecular  weight  is, 

(30*0.9)+(46*0. 1)  =  3 1 .6 

The  average  weighted  NOx  factor  for  the  full  barge  running  configuration  was  determined 
to  be  4.9  g/kWh.  This  value  is  based  on  a  direct  summation  of  NO  and  NO2  recorded  tug 
emissions.  The  total  moles  normalized  by  power  can  be  approximated  by, 

4.9  g/kWh  =  0.156  moles  NOx/kW-hr, 

31.6  g/mole 

0.156  *0.9  =  0.1404  moles  NO 
0.156*0.1  =  0,0156  moles  NO2 
tot  moles  0.156 

Applying  the  interpretation  of  the  IMO  definition  where  NO  is  computed  as  NO2  using  a 
molecular  weight  of  46  results  in, 

0, 156*46  =  7.2g/kWh 

This  value  still  remains  under  the  IMO  criteria,  but  illustrates  the  disparity  in  calculated 
emission  approaches.  A  rigorous  application  of  reporting  the  NO  as  NO2  would  require  a 
weighting  factor  application  to  the  calculations  in  Appendk  A.  This  was  not  done. 

5.3  Portable  Emission  Testing  Lessons  Learned 

It  took  a  week  of  elapsed  time  aboard  the  Tug  COUGAR  to  conduct  two  days  worth  of 
testing.  This  was  because  of  the  necessity  of  working  around  the  boat  s  commercial 
schedule.  One  day  was  needed  for  the  installation,  i.e.,  approximately  12  hours  of  not 
being  underway,  for  the  strain  gauge  horsepower  meters,  and  EMS-1000,  and  ESP-1000. 
Two  consecutive  days  of  testing  would  have  allowed  for  plenty  of  time  to  carry  out  all  the 
testing  objectives.  However,  a  week  was  spent  aboard  to  capture  the  two  days  of  testing 
needed  because  commercial  operations  of  the  tug,  which  often  included  anchoring 
offshore  waiting  for  terminal  availability,  was  not  conducive  to  collecting  emissions  data 
on  a  continuous  basis.  Future  shipboard  emission  testing  aboard  commercial  vessels  may 
require  tradeoffs  to  minimize  the  potential  impact  on  its  commercial  operations  and  the 
time  spent  aboard  by  test  personnel  including  (1)  a  more  efficient  installation  procedure  to 
minimize  vessel  down  time  and  (2)  a  reduction  in  the  number  of  test  runs  conducted 
through  statistical  design  of  the  experiments. 
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Air  Flow  Measurements 


The  Shortridge  Flowhoods  have  been  used  on  several  shipboard  emission  tests  without 
any  difficulties.  Unfortunately,  in  this  test,  the  starboard  flowmeter  was  not  working 
properly  for  some  of  the  test  configurations.  This  prevented  the  development  of  average 
weighted  values  of  NOx  between  the  two  engines  for  the  firee  tug  and  light  barge  test  runs. 

A  couple  of  mechanical  failures  of  parts  on  the  Flowhoods  gave  reason  for  concern.  First  a 
roll  pin  that  holds  the  arms  (vanes)  in  place  for  operation  with  the  manual  movement 
switch  became  loose  and  fell  out.  This  was  replaced  during  testing  and  a  dab  of  epoxy  was 
placed  on  the  ends  to  prevent  it  fi-om  falling  out.  A  second  failure  was  when  the  bottom 
plastic  vane  broke  off.  This  was  epoxyed  back  on.  In  both  cases,  a  small  part  (one  metal 
and  one  plastic)  could  have  been  sucked  into  the  turbocharger  and  caused  damage  to  the 
engine.  The  flowhoods  used  in  these  applications  need  to  be  more  robust  in  design.  If  the 
Coast  Guard  R&D  Center  uses  these  types  of  Flowhoods  in  the  future,  it  will  install  fitted 
screens  to  their  intakes  to  protect  the  turbocharger. 

Readings  were  made  from  the  flowhoods  manually.  In  future  shipboard  emission  tests  it 
would  be  desirable  to  automate  this  data  collection  in  conjunction  with  emission  and  ship 
power  measurements. 

Horsepower  Measurements 

The  EMS-1000  data  logging  software,  which  recorded  both  shaft  horsepower  fi-om  the 
strain  gage  measurements  and  engine  horsepower  determined  with  the  EMS-1000  system, 
was  used  to  construct  an  overlay  of  horsepower  measurements  at  various  times  during 
testing.  These  plots  demonstrated  close  tracking  between  the  two  measurements. 
However,  a  scale  difference  exists  between  them.  This  difference  has  not  been  resolved, 
but  appears  to  have  been  a  problem  with  the  strain  gauge  calibration  settings. 

The  Stellar  Marine  EMS-1000  system  has  potential  in  saving  setup  time  in  dealing  with 
horsepower  measurements  on  main  diesel  engines.  Additional  testing  is  warranted  to 
assess  this  as  a  replacement  over  traditional  methods  of  instrumenting  for  power 
measurements. 

Emission  Analyzers 

Table  1 1  presents  a  comparison  of  average  recorded  emission  readings  from  both  emission 
analyzers  on  one  engine  and  then  swapped  to  the  other  during  the  light  barge  testing.  On 
average,  the  ECOM-KD  exhibited  24%  higher  CO  readings  than  the  ENERAC  Model 
3000E.  The  accuracy  of  the  ECOM-KD  is  5%  compared  to  2%  for  readings  of  NO,  NO2, 
and  CO  on  the  ENERAC  3000E.  Therefore,  the  disparity  in  the  CO  measurements  cannot 
be  explained  by  differences  in  the  sensor’s  accuracy.  It  was  determined  after  the  test  that 
the  correct  Precision  Control  Module  (PCM)  was  not  installed  in  the  ENERAC  3000E. 
Unlike  the  single  range  sensors  on  the  ECOM-KD,  the  ENERAC  3000E  has  PCMs  for 
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CO,  NO,  and  S02  with  selective  range  settings.  Selection  of  the  appropriate  modules  sets 
the  measurement  range  of  the  instrument.  There  are  PCMs  with  a  low,  mid,  and  high 
range  settings.  The  ENERAC  3000E  had  a  mid-range  PCM  (500-1000  ppm)  installed.  As 
it  turned  out,  CO  readings  on  the  COUGAR  were  on  the  order  of  100  ppni  or  less  which 
would  have  required  the  more  sensitive  low-range  PCM  (0-500  ppm).  This  module  was 
not  available  during  the  test.  The  reduced  CO  level  readings  on  the  ENERAC  3000E  may 
be  due  to  the  less  sensitive  mid-range  module  (having  been  installed). 

The  ENERAC  Model  3000E  recorded  higher  levels  of  NO2  than  the  ECOM-KD.  The  NO 
readings  recorded  by  the  ENERAC  Model  3000E  were  on  average  4%  higher  than 
readings  by  the  ECOM-KD.  The  difference  in  NO  readings  between  the  instruments  may 
be  explained  by  the  fact  that  the  NO  sensor  on  the  ENERAC  Model  3000  is  ternperamre 
controlled.  A  sensor  temperature  of  below  25  degrees  Celsius  is  maintained  to  limit 
measurement  drift  in  accordance  with  EPA’s  Conditional  Test  Method  (CTM-022). 
Holding  the  temperature  below  30  degrees  Celsius  is  a  means  of  improving  sensor 
accuracy  and  reliability. 


Table  11  Emission  Levels  Recorded  with  Analyzers 
Exchanged  Between  Engines 


Tug  Pulling  Light  Barge  Test  Data 


Analyzer  Engine  rpni__COppm__NO£2m_J^jQ^£^ 


ENERAC 

ENERAC 

port 

742 

63 

678 

124 

ECOM 

stbd 

742 

76 

627 

31 

ECOM 

ISiH 

742 

84 

722 

37 

ENERAC 

942 

70 

803 

ENERAC 

942 

63 

803 

111 

ECOM 

stbd 

942 

89 

745 

22 

ECOM 

mm 

942 

83 

841 

25 

ENERAC 

stbd 

1072 

80 

814 

78 

ENERAC 

port 

1072 

76 

765 

89 

ECOM 

stbd 

1072 

95 

697 

16 

ECOM 

port 

1072 

87 

786 

19 

ENERAC 

stbd 

1178 

82 

788 

69 

ENERAC 

port 

1178 

87 

751 

79 

ECOM 

stbd 

1178 

106 

688 

17 

ECOM 

port 

1178 

103 

766 

16 

16 


S  4F.SP-10Q0  Sneed  Pilot 


An  indication  of  fuel  savings  was  measured  when  the  engine  speed  pilot  was  engaged.  The 
averaged  manual  readings  in  Table  6  demonstrated  that  most  of  the  fuel  savings  occurred 
above  1000  rpm.  The  EMS-1000  data  logging  software  provides  a  convenient  tool  to 
review  data  collected  with  and  without  the  ESP-1000  engaged.  On  13  May  1996,  the  tug 
was  tested  with  a  light  (empty)  barge  being  pulled  behind  it.  The  engine  speed  pilot  was 
on  for  2.7  hours  and  off  for  9.0  hours.  The  gallons  per  mile  were  averaged  with  the  results 
of  5.8  gal/mi  when  the  engine  speed  pilot  was  engaged  versus  8.2  gal/mi  when  the  enpne 
speed  pilot  was  not  used.  This  represents  a  savings  of  2.4  gal/mi  (or  29.3%).  This  is 
illustrated  in  Figure  5.  Figure  5  presents  a  12  hour  running  picture  of  the  tug  on  13  May 
1996.  Starboard  and  port  rpm,  GPS  recorded  speed,  and  port  engine  fuel  consumption  are 
plotted.  The  area  of  the  rpm  readings  with  the  sawtooth  appearance  represent  when 
emission  testing  was  taking  place  at  different  rpm  settings. 

Although,  an  indication  of  fuel  savings  was  apparent,  further  testing  is  needed.  The  Coast 
Guard  R&D  Center  will  conduct  another  emissions  test  on  a  Coast  Guard  WLIC 
construction  tender  in  the  fall  of  1996.  This  emission  test  will  include  the  use  of  the  ESP- 
1000  and  a  specific  test  designed  to  comparatively  quantify  fuel  savings. 
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Figure  5  EMS-1000  Plot  for  Tug  Pulling  Light  Barge  Run 
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Appendix  A 

EXAMPLE  EMISSION  CALCULATION 


A-1 


[BLANK] 


A- 2 


Calculations  are  based  on  a  stoichiometric  material  balance  of  incoming  fuel  and  air  with 
exhaust.  The  basic  assumption  is  that  there  is  more  than  sufficient  oxygen  available  in  the 
air  entering  the  diesel  engine  to  effect  complete  combustion  of  the  fuel  components. 

For  the  material  balance,  the  quantity  of  air  per  unit  time  (including  water  vapor),  and  the 
quantity  of  fuel  per  unit  time  account  for  all  incoming  materials. 

Laboratory  analysis  of  the  fuel  quantitatively  measures  the  elemental  components  of  the 
fuel.  Theoretical  amounts  of  combustion  products  (assuming  complete  combustion)  are 
computed  using  the  equations  below: 

C  +  O2  =  CO2  S  +  O2  =  SO2 

4H  +  O2  =  2H2O  N+O2  =  NO2 

These  equations  permit  calculation  of  the  theoretical  amount  of  oxypn  required  (and 
therefore  air)  for  complete  combustion.  Any  air  above  that  amount  is  "excess  air." 
actuality,  complete  stoichiometric  combustion  does  not  occur.  Thus,  not  all  carbon  is 
completely  converted  to  CO2.  However,  once  the  CO  is  experimentally  determined,  the 
actual  CO2  can  be  calculated.  Similarly,  not  all  nitrogen  goes  to  NO2,  but  the  NO  formed 
is  independently  measured. 

Water  is  the  product  of  combustion  of  hydrogen,  but  there  is  also  water  in  the  exhaust  that 
entered  as  water  vapor  in  the  air.  This  source  of  water  requires  no  additional  oxygen,  but 
must  be  accounted  for  in  the  total  material  balance.  Any  oxygen  in  the  fuel  (as  o^gen- 
containing  compounds)  must  be  subtracted  from  the  total  oxygen  required,  since  it 
contributes  to  the  oxygen  available. 

Sulfur  in  the  fuel  produces  SO2,  but  the  Tug  COUGAR  fuel  gave  levels  below  the  sensor 
detection  limits  -  thus  no  SO2  was  measurable,  despite  the  presence  of  some  sulfur  in  the 
fuel.  Overall,  the  material  balance  is  given  schematically  as  follows: 

Exhaust 

Air  C02,C0,H20, 

^N„OAO  NO, NO. A, 

excess  O2 

combustion 


Fuel 

C,H,N,0,S 
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By  tracking  the  substances  and  their  amounts,  it  is  possible  to  compute  the  amounts 
expected  in  the  exhaust  of  primary  combustion  products.  Analysis  of  the  exhaust  for  CO, 
NO,  NO2,  and  SO2,  permits  complete  material  balance. 

Table  A1  presents  the  fuel  analysis  in  the  first  two  columns.  The  fuel  analysis  of  samples 
of  the  Tug  COUGAR’S  fuel  was  performed  by  Saybolt,  Inc.  Using  the  equations  described 
previously,  with  the  appropriate  atomic  weights,  the  moles  of  oxygen  needed  can  be 
calculated. 


Table  A1 

Calculated  Oxygen  Requirement  for  Complete 
Combustion  Based  on  Fuel  Analysis 


Fuel  Comp 

Ib/IOOlb  fuel® 

MWT  of  Comp 

Moles  of  Comp  Moles  02  req 

C 

86.860 

12.011 

7.232 

7.232 

H 

12.970 

1.008 

12.867 

3.217*’ 

S 

0.150 

32.060 

0.005 

0.005 

0 

0.020 

16.000 

-0.001 

-0.001 

N 

0.020 

14.007 

0.001 

0.001 

H20 

0.000 

18.016 

0.000 

0.000 

Ash 

0.001 

Total 

100.021 

10.453 

®  based  on  fuel  analysis 
represents  6.170  moles  of  water 

From  the  information  above,  the  temperature,  pressure,  and  humidity  of  the  incoming  air, 
the  goal  is  to  calculate  the  moles  of  dry  flue  gas  (DFG)  generated  per  unit  time.  Although, 
the  exiting  gas  is  wet,  the  instruments  used  for  measuring  the  combustion  products  must 
first  dry  the  air  to  protect  the  electrochemical  sensors.  Thus,  the  concentration  of  NOx  in 
ppm,  for  example,  is  based  on  the  amount  found  in  the  DFG. 

The  following  example  calculations  are  performed  for  the  data  collected  on  the  port 
Caterpillar  engine  when  the  tug  was  pushing  a  full  barge  without  the  EMS-1000  speed 
pilot  engaged.  The  calculation  is  shown  for  a  test  rpm  of  1072.  Computations  below  are 
based  on  data  taken  on  15  May  1996  on  the  Tug  COUGAR. 

Density  of  Wet  Air 

p(wet  air)[lb/ft^]  =  1.326  x  Pres  [1] 

459.6 +  F 

Air  entering  the  engines  had  an  average  temperature  of  85.4  deg  F  and  measured  an 
average  atmospheric  pressure  of  30.6  in  Hg,  thus, 

=  1  326  X  30.6  =  0.0744  Ib/ft^  [2] 

459.6  +85.4 
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Air  Flow  wet  [Ib/min] 

=  [2]  X  CFM(meas) 

=  0.0744  Ib/ft^  X  1392  ftVmin 

=  103.63  Ib/min  [3] 

Fuel  Flow  [gal/min] 

=  3 1 .08  GPH(meas)  x  1  hr/60  min 

=  0.518  gal/min  [4] 

Fuel  Consumed  [Ib/min] 

density  of  standard  diesel  approx.  7.09  Ib/gal  [5] 

=  7.09  lb/gal(pdiesei)  X  [4] 

=  3.67  Ib/min  [6] 

Air  /  Fuel  Ratio  wet  |lb/1001b] 

[3]  /  [6] 

=  103.63  Ib/min/  3.67  Ib/min 

2821  lb/ 1001b  [7] 

Air  Flow  dry  |lb/min] 

=  Air  Flow  wet  -  (Air  Flow  wet  x  RHc), 

where  RHc  is  the  humidity  correction  value  from  the  pschrometric  chart  with  measured 
temperature  of  85.4  deg  F  (29.7  deg  C)  and  measured  averaged  relative  humidity  of 
17.3%, 

=  [3]-([3]x0.005  ) 

=  103.63  Ib/min  -  (  103.63  Ib/min  x  0.005) 

=  103.1 1  Ib/min  [8] 

Air  /  Fuel  Ratio  dry  [Ib/lOOlbj 

=  [8]/[6] 

=  103.11  Ib/min  /  3.67  Ib/min 
=  2807  lb/ 1001b  [9] 

The  next  step  is  to  determine  the  total  oxygen  and  nitrogen  available  for  combustion  in  the 
incoming  air,  where  the  weight  %  of  oxygen  is  23.14%  and  that  of  nitrogen  is  76.86%. 

Total  02  (Ib  02  / 100  lb  Fuel] 
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=  [9]  X  0.23 14  lb  02/lb  air 
=  2807  Ib/lOOlb  x  0.2314  lb  02/lb  air 
=  650  Ib/lOOlb 


[10] 


Total  Ni  [lb  N2  / 100  Ib  Fuel] 


=  [9]  X  0.7686  lb  02/lb  air 

=  2807  Ib/lOOlb  x  0.7686  lb  02/lb  air 

=  21581b/1001b  [11] 

Moles  of  O2  Theoretically  Required  [moles  O2  /  100  lb  Fuel] 

=  10.453  moles/lOOlb  [12] 

(from  fuel  composition  in  Table  Al) 

Excess  Air  [Ib  air/100  Ib  fuel] 

=  Actual  Air  in  -  Theoretical  Air  In 
=  [9] -[121x32  lb  O2  X  1  lb  air 

1  mole  O2  0.2314  lb  O2 
=  2807  Ib/lOOlb  -  1446  Ib/lOOlb 
=  1362  1b/1001b  [13] 

Percent  Excess  Air  [%] 

=  Excess  Air  /  Theoretical  Air  in 

=  1362  Ib/lOOlb  /  1446  Ib/lOOlb  X  100 

=  94%  [14] 

Excess  O2  (moles  02/lOOIb  Fuel] 

=  [131  x  0  2314lbO2X  1  mole  O2 
1  lb  air  32  lb  O2 

=  9.8  moles/lOOlb  [15] 

Water  in  Air  (moles  H2O/IOO  Ib  Fuel] 

=  [7]  X  Ib  H20/lb  air  (from  Pschrometric  Chart) 

=  282 1  lb  air/1 001b  Fuel  x  0.005  lb  EbO/lb  air  x 
1  mole  H2O 
18  lb  H2O 

=  0.784  moles  H20/1001b  [16] 

CO2  +  SO2  (moles  (CO2+SO2)  /  lOOlb  Fuel] 

=  7.232  +  0.005  (from  Table  Al) 
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=  1231  moles/lOOlb 


[17] 


O2  Supplied  [moles  Oa/lOOlb  Fuel] 

=  [10]  X  1  mole  O2 
32  lb  O2 

=  20.3  moles/lOOlb  [18] 

N2  Supplied  [moles  N2/1001b  Fuel] 

=  [11]  X  1  moleN2 

28.161  lbN2 

=  76.6  moles/lOOlb  [19] 

H2O  Total  [moles  H20/1001b  Fuel] 

=  [1 6]  X  1  mole  H2O  +  combustion  product 
18.016  lb  H2O 

(where  the  combustion  product  is  from  HCs  and  equal  to  0.06434  moles  H20/lb  Fuel) 

=  0.784  moles  H20/1001b  Fuel  + 

6,434  moles  H20/1001b  Fuel 

=  7.2  moles/lOOlb  [20] 

or  =  129.6  lb  H2O/1 001b  Fuel  [21] 

Total  Moles  of  Wet  Flue  Gas  [moles  WFG/lOOlb  Fuel] 

=  (CO2  +  SO2)  +  excess  O2  +  N2  +  H2O 
=  [17] +  [15] +  [19] +  [20] 

=  7.237  moles/lOOlb  +  9.8  moles/lOOlb  +  76.6  moles/lOOlb 
+  7.2  moles/lOOlb 

.  =100.8  moles/lOOlb  [22] 

Total  Moles  of  Dry  Flue  Gas  [moles  DFG/lOOlb  Fuel] 

=  moles  WFG  -  moles  H2O  =  [22]  -  [20] 

=  100.8  moles/lOOlb  -  7.2  moles/lOOlb 
=  93.6  moles/lOOlb  [23] 

Moles  CO  [moles  CO/lOOlb  Fuel] 

=  COppm  X  [23] 

=  71  x  10-6  X  93.6  moles/lOOlb 

=  0.00664  moles/lOOlb  [24] 


Moles  NO  [moles  NO/lOOlb  Fuel] 


=  NOppm  X  [23] 

=  SlOppm  X  10-6  X  93.6  moles/ 1001b 
=  0.0758  moles/lOOlb 


[25] 


Moles  NO2  [moles  N02/1001b  Fuel] 

=  N02ppm  X  [23] 

=  83  X  10-6  X  93.6  moles/lOOlb 

=  0.0077  moles/lOOlb  [26] 

Moles  SO2  [moles  S02/100lb  Fuel] 

=  S02ppm  X  [23] 

=  0  [27] 

Moles  CO2  [moles  C02/100lb  Fuel] 

=  moles  CO2  (theoretical)  -  moles  CO  (actual  [24]) 

=  7.232  -  0.00664 
=  7.225  moles/lOOlb 

from  CO2  measurement  on  emission  analyzer  8.5%  CO2 

=  0.085  X  [23] 

=  0.085  x93.6  moles/lOOlb 
=  7.956  moles/lOOlb 

Weight  of  NO  [lb  NO/lOOlb  Fuel] 

=  [25]  x  30.008  lb  NO/mole 
=  0.0758  moles/IOOlb  x  30.008  lb  NO/mole 
.  =2.28  1b/1001b  [29] 

Weight  of  NO2  [lb  N02/100lb  Fuel] 

=  [26]  X  46.007  lb  N02/mole 

=  0.0077  moles/lOOlb  x  46.007  lb  N02/mole 

=  0.354  lb/1 001b  [30] 

Weight  of  SO2  [lb  S02/1001b  Fuel] 

=  0  [31] 

Weight  of  CO2  [lb  C02/100lb  Fuel] 

=  [28]  x  44.011  lb  C02/mole 


[28] 

[28A] 


A-8 


=  7.225  moles/lOOlb  x  44.011  lb  C02/mole 
=  317.9  Ib/lOOlb 

NOx  Weight  [lb  NOx/lOOlb  Fuel] 

=  [29] +  [30] 

=  2.28  Ib/lOOlb  +  0.354  Ib/lOOlb 
=  2.634  Ib/lOOlb 


Fuel  Consumed  in  1  hour  [lb] 

=  [6]  X  60  min/hr 
=  3.67  Ib/min  x  60  min/hr 
=  220.2  lb 

NOx  Produced  in  1  hour  [grams  NOx/hour] 

=  [33]/100  X  [34] 

=  2.634  lb/1 001b  /100  x220.21b 
=  5.80  lb  NOx/hr 

or  =5.80  lb  NOx/hr  x453.4g/lb  =  2629.7  g/hr 

Work  done  in  1  hour  [kW-hr] 

=  shaft  HP  X  0.746  kW/HP 
=  525.2  kW-hr 


NOx  [g/kW-hr] 


=  [35]/ [36] 

=  2629.7  g/hr  /  525.2  kW-hr 
=  5.00  g/kW-hr 

(CO  in  g/kW-hr  is  calculated  in  the  same  fashion) 

NOx  [kg/ton  of  Fuel] 


=  [33]x  10 
=  2.634  Ib/lOOlbx  10 
=  26.34  kg/ton  of  Fuel 
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Appendix  B 

Tug  with  Full  Barge  Emission  Calculations 

[B-3  through  B-8  present  the  NOx  calculations  of  the  tug  pushing  the  full  barge  without 
the  engine  speed  pilot  engaged; 

B-9  through  B-14  present  the  NOx  calculations  of  the  tug  pushing  the  full  barge  with  the 
engine  speed  pilot  engaged; 

B-15  presents  the  raw  data  sheet  for  the  tug  pushing  the  full  barge  without  the  engine 
speed  pilot  engaged; 

B-16  presents  the  raw  data  sheet  for  the  tug  pushing  the  full  barge  with  the  engine  speed 
pilot  engaged; 

B-17  through  B-22  presents  the  NOx  calculations  of  the  tug  at  idle; 

B-23  presents  the  raw  data  sheet  for  the  tug  at  idle] 
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Appendix  C 

Tug  with  Light  Barge  Emission  Calculations 

[C-3  through  C-8  present  the  NOx  calculations  of  the  tug  towing  the  light  barge  without 
the  engine  speed  pilot  engaged  and  with  the  ECOM  and  ENERAC  emission  analyzers 
used  on  the  stbd  &  port  engines,  respectively; 

C-9  through  C-14  present  the  NOx  calculations  of  the  tug  towing  the  light  barge  without 
the  engine  speed  pilot  engaged  and  with  the  ECOM  and  ENERAC  emission  analyzers 
used  on  the  port  &  stbd  engines,  respectively; 

C-15  through  C-19  present  the  NOx  calculations  of  the  tug  towing  the  light  barge  with  the 
engine  speed  pilot  engaged; 

C-20  presents  the  raw  data  sheet  for  the  tug  towing  the  light  barge  with  the  engine  speed 
pilot  engaged; 

C-21  through  C-22  present  the  raw  data  sheet  for  the  tug  towing  the  light  barge  without 
the  engine  speed  pilot  engaged] 
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Appendix  D 

Free  Tug  Emission  Calculations 


[D-3  through  D-8  present  the  NOx  calculations  of  the  tug  running  by  itself  without  the 
engine  speed  pilot  engaged; 

D-9  through  D-10  present  the  raw  data  sheet  for  the  tug  running  by  itself  without  the 
engine  speed  pilot  engaged] 
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